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ABSTRACT

A patched conic program (GNDHOM) has been written
which generates a fuel optimal transearth trajectory from lunar
parking orbit to earth landing. The trajectory may be fuel
optimized with respect to longitude of earth landing, time of
flight, and the time spent in lunar orbit after LM-CSM rendezvous.

All trajectories are constrained to enter the atmos-
phere at a given altitude with a specified entry angle and land
within a specified geographic zone defined by longitude and
latitude limits. In addition, a specified geographic return

inclination limit and total mission duration limit are incorpor-
ated as constraints.

This method allows the determination of the optimal
return trajectory for missions to lunar sites requiring highly
inclined lunar parking orbits. Previous BCMASP optimization of
the return trajectory relied on the assumption of low inclina-
tion lunar parking orbits.
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INTRODUCTION

The nominal transearth injection (TEI) maneuver places
the CSM on a trajectory from lunar parking orbit to a safe earth
landing. The transearth trajectory is constrained to provide a
suitable entry into the earth's atmosphere and a landing within
a specified geographic zone defined by latitude and longitude
limits. The trajectory must be such so as not to violate a maxi-
mum geographic return inclination. The TEI maneuver may be made
any time after LM-CSM rendezvous as long as the resulting trajec-
tory does not violate the specified maximum mission duration.

The time in lunar parking orbit (LPO) after rendezvous may be
specified or it may be optimized to produce minimal TEI fuel
requirements.

Subject to the above requirements and constraints it
is desirable to perform the TEI maneuver with minimum charac-
teristic velocity (AV). The parameters that are available for
optimization include longitude of earth landing, velocity azimuth
at MSI exit, time of flight, and post-ascent time in lunar orbit.
Previous analyses (References 1 and 2) provide for optimization
with respect to exit velocity azimuth (ALF28P)* and earth landing
longitude (ELN30P) within an allowable range. However, the opti-
mization logic is based upon maximizing time of flight.** While
this criteria is generally valid for low inclination lunar orbits
it is not necessarily true for higher latitude sites and higher
inclination lunar parking orbits. The program presented herein
provides for optimization with respect to earth landing longitude,
within a specified longitude band, that is based on a different
selection criterion valid for any lunar parking orbit. It also
provides the additional capability to optimize the TEI maneuver
with respect to time of flight and time of departure from lunar
orbit.

*Standard BCMASP variable names will be used throughout.

**Reference 2, see Program ANLSIS.
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TECHNICAL APPROACH

A typical plot of TEI AV cost (DLV26P) versus time of
flight from injection to landing (DTFL) for an extreme latitude
landing site*** is illustrated in Figure 1. The existence of
an optimal flight time is evident. This is the result of a lower
plane change requirement at a higher energy (shorter flight time)
return. For returns from low inclination lunar orbits the plane
change requirements are usually small and the optimal return tra-
jectory is governed by minimal energy or maximum time of flight.

The range of times of flight covered by the curves of
Figure 1 correspond to a continuum of earth landing longitudes.
Since Apollo ground rules call for a landing within a specified
geographic zone, currently between 150° (ELNMAX) and 170° (ELNMIN)
west longitude and +35° latitude, only those bands illustrated
in Figure 1 represent valid landing opportunities. Since the
atmospheric entry point in geocentric inertial coordinates does
not vary by more than a few degrees in longitude and since the
reentry maneuver angle (THETAM) is fixed, these bands are spaced
approximately 24 hours apart corresponding to the time interval
during which the earth makes one revolution, thus bringing the
landing zone into proper position for a spacecraft landing.

The following diagram graphically illustrates the
order of optimization that is employed.

GNDHOM

o

Optimization with respect to post-rendezvous time in LPO
Optimization with respect to time of flight
FLYHOM

Optimization with respect to earth landing
longitude

Optimization with respect to azimuth of
the MSI exit velocity subject to limits
determined from maximum inclination and
maximum latitude constraints.

HOME

[j Targets transearth trajectory to
L_ given earth landing longitude

***Crater Tycho, 40°54' south, 11°21' west.
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The optimization of both time of flight and earth
landing longitude is controlled by the slope of the curve
typically illustrated in Figure 1, that is the partial deriva-
tive of AVTEI with respect to transearth time of flight, which

is computed in HOME.

The GNDHOM time of flight optimization proceeds as
follows. The longest flight time solution is computed first
with the landing longitude equal to ELNMIN. The partial deriva-
tive of required TEI AV with respect to return time of flight
(PD26DT) is computed in subroutine HOME as convergence to the
solution occurs. If the sign of the partial derivative is nega-
tive then the maximum flight time solution is optimal and is
returned. If the derivative is positive there exists the possi-
bility of a lower AV solution at a lower flight time and times
of flight approximately 24 hrs. earlier are investigated.

The sign of PD26DT also provides the criteria for
selection of the optimal earth landing longitude in FLYHOM. If
the sign of the partial is negative then the longitude corres-
ponding to the longer flight time solution is selected (ELNMIN).
If the sign is positive then ELNMAX is selected. It may be
noted that the optimal longitude is at a boundary except for
the case where a solution band exists at the minimum of the
DLV26P vs. DTFL curve. However, in this region the slope of
the curve is near zero and the selection of ELNMIN or ELNMAX
causes a variation of only a few feet per second in DLV26P.

Optimization with respect to time in lunar orbit
post-rendezvous is performed in an outer loop of GNDHOM. The
number of lunar orbits post-rendezvous (REVLO2) is incremented
from a minimum (REV2MN) to a maximum (REV2MX) in steps of three
revolutions. For each value of REVLO2 considered, the optimal
time of flight and associated DLV26P is computed. The REVLO2
which gives the minimum DLV26P is selected and returned as the
optimal solution.

A flow chart of GNDHOM is presented in Appendix A and
listings of GNDHOM and FLYHOM are given in Appendix B.

MODIFICATIONS TO EXISTING BCMASP PROGRAMS

Several modifications were made to the basic trans-
earth injection optimization of BCMASP to implement the improved
logic.

A. FLYHOM

The calculation of the optimum ALF28P was incorporated
into a new subroutine, FLYHOM. The optimization of ALF28P within
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specified limits is unchanged and is performed by calling sub-
routine OPTALF. These limits on ALF28P arise from the maximum
return inclination and latitude constraints. The calculation of
the maximum return inclination limits remains unchanged. The
calculation of the ALF28P limits due to the latitude constraint

was streamlined by eliminating the calculations for variable
reentry maneuver angle. This new version greatly simplified the
program logic and is valid as long as the landing latitude limits
are greater than the maximum declination of the moon (28.7 degrees).
The present limits are %35 degrees.

In addition to the modification of the ALF28P limit
calculations the required logic for the selection of the opti-
mal landing longitude has been incorporated into FLYHOM. This
selection is based on the sign of the partial derivative, PD26DT,
as described in the section labeled Technical Approach. A list-
ing of FLYHOM is presented in Appendix B.

B. HOME

HOME targets the transearth trajectory using values
for ALF28P and ELN30P from FLYHOM and values for REVLO2 and
HRTMXP (maximum conic transearth flight time) from GNDHOM. HOME
will allow a return time of flight from injection to entry (HRTEP)
between HRTMXP+2 and HRTMXP-26 hours. Since landing solutions
are spaced approximately 24 hours apart two solutions could exist
within this range. This difficulty is avoided by the GNDHOM
logic, which having obtained the approximate flight times cal-
culates values of HRTMXP equal to the flight time + 12 hours.
This insures that only one solution will exist in the range
considered by HOME.

The calculation of the partial derivative PD26DT was
incorporated in HOME. HOME consists of two nested iteration
loops. The outer loop adjusts the geocentric velocity magni-
tude at MSI exit (VE28P) to achieve the desired landing longitude.
The inner loop achieves convergence on the MSI position vector
and time for a given value of VE28P. Since a change in landing
longitude or VE28P really represents an adjustment in the time
of flight the partial derivative is obtained by differencing
the DLV26P obtained after convergence of the inner loop with the
DLV26P of the previous iteration (different VE28P) and dividing
by the difference in the time of flight. That is:

= PD26DT = ——————F—F
£1 £1, £1,
i i-1
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where the subscripts i, i-1 denote two successive converged
solutions for different values of VE28P. As convergence oOCcCurs
PD26DT approaches the slope of the AV cost for TEI versus time
of flight curve (Figure 1).

SUMMARY

GNDHOM has been designed to calculate a minimum AV
transearth trajectory from lunar parking orbit to a point within
an earth landing zone. The optimization criteria is valid for
returns from high and low inclination lunar parking orbits. The
trajectory provides for a safe atmospheric entry and will not
violate the maximum return inclination and mission duration con-
straints. The logic provides optimization with respect to velo-
city azimuth at MSI exit, earth landing longitude, time of flight
and time in lunar orbit after LM-CSM rendezvous.

MR e

M. R. Kerr

- R J Stouns

2013—RJS—slr R. J. Stern

Attachments
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GNDHOM
INPUT

REV 2MN

REV2MX

TMMAX
TFLMIN
TFLMAX

IFLY

REVLO2

DATELP
TIMELP
DAT29P
TIME29P
DAT23P
TIM23P
TSTAY
PERLOP
DEGCIR
HMLOPX (3)

RM23PX(3)

APPENDIX A

Minimum number of revolutions in lunar orbit,
post-rendezvous

Maximum number of revolutions in lunar orbit,
post-rendezvous

Maximum mission duration (days)
Minimum transearth time of flight (hr.)
Maximum transearth time of flight (hr.)
Optimization flag - 0 ALF28P, ELN30P
1 ALF28P, ELN30P, HRTEP
2 ALF28P, ELN30P, HRTEP,
REVLO2.

Number of revolutions in lunar orbit, post-
rendezvous (needed if IFLY = 0 or 1)

Julian date of launch

Universal time of launch (sec.)

Julian date of reentry

Universal time of reentry (sec.)

Julian date of lunar landing

Universal time of lunar landing (sec.)
Surface stay time (sec.)

Period of conic lunar orbit (sec.)

360 (degrees)

Unit lunar orbit angular momentum vector
Selenocentric vector fo position of CSM on

conic trajectory at approximate time of LM
landing (ft.)



INPUT (continued)

VM23PX (3)

QUTPUT

REVLO2

HRTMXP

HRTEMX

CSM selenocentric velocity vector on conic
trajectory at approximate time of LM landing

(fps)

Number of revolutions in lunar orbit post-
rendezvous (only if IFLY = 2)

Maximum conic transearth flight time (hr.)

Maximum allowed transearth flight duration
(hr.)
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30ul

3999

4oov
401V

4020

4u30

4031

APPENDIX B

Program Listing

SULROUTINE GNDHOM

IF(IFLY.EQ.2) REVLO2=REV2MN
00Pz1
IREVe=0

00010051
0np200s1
00030NnS1
0oo40ns1
0np50nns1
0Nnohk0N0S1
00070051

CALL ADDT(DAT23P»TiM23P»0+r TSTAY+(REVLO2+1,)*PERLOPYDAT25P, TIM25P)0N0800S]

TEMPS1ZDEGCIR*(REVLO2=AINT (REVLOZ2))

CALL ROTATE (RM23PX»HMLOPX, TEMPS51,RM25FX)
CALL ROTATE (VM2OPX»HMLOPX» TEMPS1,VM25PX)
ILOOP=1

TRANSEARTH TRAJECTORY

IF(IFLY.NE.O) GO TO 3939

CALL FLYHOM

RETURN

LF(IREV2.EGel) GU TO 4951

0= (DAT25P=DATELP) 24 o + (TIM2SP=TIMELP) /3000,
TGU=TMMAX*24 ,-TO

TLMINSTO+TFLMIN

TLMAX=TU+TFLMAX

IF(TGO,GE.TFLMAX) GO TO 4000
IF(TGOLLTTFLMINJANDLLOOPEQ.1) GO TO 4999
IF(TGO LT .TFLMIN,ANDLOOP,GT+1) GO TO 4950
ARTMXP=TGO=~2,

60 TO 4010

HRTMXP=TFLMAX=2.

CALL FLYHOM

sbLvz2e=DLV26P

SHRT=HRTMXP

TLAND= (DAT29P=DATELP) %24 ,+ (TIM29P=TIMELP) /3600,
TLOL)=TLAND 24,

TL(2)=TLAND

TL(3)=TLAND=24,

TL(4)STLAND=48.

TL(S)=TLAND=72.

JO 4020 I=1+5

TLP(I)=0,

ITLOOP=Q

JO 4030 I=1,5

IF(TLOI) LT o TLMINGORGTL(I) oGTe TLMAX,ORSTL (1) 46T TMMAXX24,) GO TO
14030

LTLOOP=ITLOOP+1

TLP(ITLOOP)=TL(I)

CONTINUE

LF(ITLOOPNE,0) 60 TO 4031

IF(LOOP.6T.1) GO TOU 4950

GO TO 4999

TLPMAX=TLP(1)

IF(TLPMAX.EQ,TLAND) GO TO 4100
HRIMXP=TLPMAX=TO+12.

ong9agonsi
0n1000S1
00110051
00120051
00130051
0n140051
00150051
00160051
00170051
0n1800s1
g0190Nns1
00200051
00210051
0n220051
00230051
oo2u40ns1
0n25n0s1
00260051
0n2700S51
00280051
00290051
00300051
00310051
0n320ns1
00330051
003400S1
0035nns1
6n360nS1
00370051
00380051
00390051
00400051
00410051
an4200s51
00430091
00440051
00450051
onapNNsi
00470051
004800S1
0ny9nnsy
005000S1
00510ns1
00520051
005300s1
00540051



410u
L2uo

4901

4942

4950

4952

4951

4999
4998

CALL FLYHOM

LF (DLVZ26P.GT,SDLV26) GO TO 4100
SDLV2oz=DLV26P

SHRT=HRTMXP

IF(PD26DT.LE,0.) GO TO 4901
iLGOP=ILOOP+]
IF({ILOOP.GTL,ITLOOP) GO TO 4901
ARTMXP=TLP (ILOOP)=TO+12,

CALL FLYHOM

LF (DLV2oP.GT,SOLV20) GU TO 4901
sbLvV2e=DLV26R

SHRT=HRTMXP

{F(PD200T.LE,0.) GO TO 4901

60 TO 4200
IF(LOOP.GT.1,AND,SDV26,.,LT«SDLV26) GO TO 4902
5Dv2b=5DLV26

SHRMX=SHRT

SRLVZ2=REVLOZ2

IF(IFLY.EQ,1) GO TO 4952
REVLOZ2=REVLOZ2+3,
IF(REVLO2.GT,REV2MX) GO TO 4950
LOGPZLOOF+1

G0 TO 3001

ARTMXP=GHRMX

REVLO2=5REV2

IRtvV2=1

HRTEMXZHRTMXp

GO TO 3001

ARTMXPZSHRT

HRTEMX=HRTMXP

CALL FLYHROM

RETURN

AR1ITE (69 4998)

FORMAT (/' NO SOLUTION WITH IN FLIGHT TIME CONSTRAINT ')
RETURN

00550051
00560051
00570051
00580081
00590n0s1
0nN6000Ss}
00610081
00620051
00630051
00640081
006500nS1
00660051
00670051
006800S1
00690051
007000851
00710051
00720051
00730051
00740051
00750051
0n7600S1
00770051
00780051
00790051
0n800Nns1
00810081
g0082n0n0s1
00830051
0n840ns1
00850091
008600S1
00870051
00880051
00890ns1
00900051



OO0

OO0

OO0

C

3900
40uu

9005

4uol

SULROUTINE FLYHOM
TRANSEARTH TRAJECTORY

FELON=U
ceNL3OP=ELNMIN
Kel=1

CALL HOME
ELT3US=ELT30P
SELNIO=ZELN3OP
STHM=THETAM

CALCULATE LIMITS ON ALF28P DUE TO MAXIMUM INCLINATIOMN

CSLT28=SGRT(REZ8PX (1) *x2+RE28PX(2)*%2) /RE28P
SNLT28=RE28PX(3) /RL28P
ELT28P=RTOUXATAN(SHILT23/CSLT2R)
TEMPS50=COS(DTOR*RIMAX) /CSLT26
IF(TEMPS50.LT,1.) GO TO 4001

WR1ITE(6,9005)

FORMAT (1HO ¢ 5X»26HRIMAX CAN NOT BE SATISFIED)
CALL CHNXIT

ALFMN1=90U+*(TYPREN=1,) +RTOD*ATAN(TEMPS50/50RT (1. =TEMPS0%*2) )

ALFMX1ZTYPREN*180¢=ALFiN1

CALCULATE LIMITS ON ALF28P DUE TO LATITUDE CONSTRAINT

alF1=0,

AL+ 2z=180,
PHIZELTMAX
1=1

onoi1ons1
0noannsy
00030051
00040051
00050051
000600451
00070051
0onoanns1
0n09Q0st
0n100051
00110051
0n1200%1
0nt130051
001400S1
00150ns1
0n16¢0s1
on1760s81
001800351
00190061
00200051
g0n2100s1
00220051
0023nNNs1
0N240051
0n250051
00260051
00273051
00280051
oe29n0s1
0n3000s1
0on3100s1
00320051

4100 CSAL2B=(SIN(PHI*DTOR)=SIN(ELT23P*#NTOR)*CUS(DF3UP*DTOR) )/ (COS(FLT280n330051

4101

4102

7001

1P*UTOR) *SIN(QFS0P*DTOR) )

IF(ABS(CS5AL23)+G1.1.) GO TO 4101
SNAL2B8=SGRT (1.=CHAL28%%2)

ALF 28=RTOD*ATAN2 (SHAL28)»CSAL28)
IF(ALF28,LT.90.) ALF1=ALF28B
IF(ALF28,6T7.90.) ALF2=ALF28
I=1+1

LF(I.,6T.c) GO TO 41062
PHIZELTMIN(]1)

o0 TO 4100

ALFMNZ2=ALF1

ALFMX2=ALF2

CALCULATE LIMITS ON ALF28P

ALZ8MN=AMAX1 (ALFMN1+ALFMN2)+,01

ALZ8MX=AMIN1 (ALFMX1rALFMX2)~,01

IF(AL2BMN,LE AL28MX) GO TO 4199

WwRITE(6»7001)

FORMAT(1HO »5X e I4HEARTH LANDING AREA IS OQUT OF RANGL)

0n340NS51
003500951
0n360051
00370051
00380051
003900s1
on4000s1
00410051
00420051
oou300s1
on440nsl
0N4500s1
00460051
00470051
0n480051
00490051
80500051
00510051
00520051
00530051
0n5400s1



C

CALCULATE OPTIMUM ALF28P

4199 CALL CROSS(URXrUTX»UNX»0)
UJATE=DAT28P
TIME=TIM28P
CALL OPTALF(ALF28P ¢ AL23MNsALL2BMX,) VE28TPy VE2BRP yHMLUPX» ALF28T)

0n5500S1
0n5600S1
ons570051
00580051
00590051
00600051
00610051

SU00 wRITE(6¢D00L)IK2LyHRTEP»STHMy THETAM, ALF28P s AL26MMNy AL2BMX» ALF23T,DL006200S51

LV20P e WG Ty PAYOFF »RAMINL yRAMAX1vELT30S»SELN3G
2RAMINZ »y RAMAX 2 ELT30UP» ELN30P » RELNMN» RELNMX » RA
WRITE(6,5002) PD260T»REVLO2sHRTMXP

00630051
0n6400s]
0n6e5nnsi

SUU2 FORMAT(6X 9 'PL20DT' 12X e12.00e8X e "REVLO2' 92XeF12,6¢8Xs "HRTMXP ' »2XF109660051

12.4)

0ne70051

5001 FORMAT (LHU»5X93HR21 915X I1298X s SHHRTEP ¢ 3XrF124.6+8XsoHTHETAM 2X,F12.00680051
lor8X s SHTHOPT » 3X0F12.6/0X s 6HALF28P»2X0F12469)8X1oHALZSMN,2XrF12.698X076900S1
296HAL2EBMR 12X ) F1l2,618X»oHALF28T ¢ 2XF12.6/6Xy6HDLV26P 12X ,F12.4¢8X¢3HON7000S1

SWOT 219X eF12.3¢e8Xr0HPAYOFF2XeF12.4/
GoX s 6HRAMINL» 2XeF 12,60 BN e 6HRAMAXL1 ) 2X s F12,008Xe6HELTS0P e 2X0F1246,
S50XrH6HELNIOP 12X 1F12.6/76X9s0HRAMINZ» 2XsF12,008X2B6HRAMAX292XeF12.6h0
08Xy 6HELTOPT 12X F1l2.0r8X e oHELNOPTI2X9F12,0/76X e 6HRELNMNe 2%
TF12 .00 8XrOHRELNMA 12X eF12.6¢8Xe2HRA»AXeF1246)
5500 1F(K21,E6.8) RETURN
IF(ABS(ALF28T=ALF28P) .L.T.QALF23) G0 TO 5510
ALF28P=ALF28T
rR21=K21+1
G0 TO 4000
5510 IF(PD260TeLE+DesURJIELONJ.EW.1) RETURN
IELON=1
cLNI0OP=ELNMAX
w0 TO 3960
ENL

00710051
00720051
00730051
0n740051
00750051
on760051
00770051
00780051
00790051
00800051
0ng810051
00820051
00830051
00840051
0n8500s51




BELLCOMM, INC.

Subject: An Improved Determination From: M. R. Kerr
of Optimal Moon-to-Earth R. J. Stern
Trajectories for BCMASP -

Case 310

Distribution List

Bellcomm, Inc.

Anselmo

Boysen, Jr.
Cappellari, Jr.
Carlson
DeGraaf

Hagner

Heffron

James

Levie

Marshall, Jr.
Martersteck
Menard
Reynolds

L. Wagner

T. L. Yang

All Members Department 2013
Central File
Department 1024 File
Library

HNbHEHEPEDOQO P 2O0OYX

WU RGO ORQ PO

Abstract only to

B. T. Howard
. Ross

. Timko
. Wilson

2y H
v -



